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Ceramic spinel-based ferrites of Cobalt, Nickel, Copper and Zinc were prepared using the hydrothermal
method assisted with microwave. All samples were characterised using EDS, WDXRF, XRD, SEM, FTIR,
Raman and VSM techniques. The structural, compositional, phonic and magnetic properties indicate that
the evaluated method can produce magnetic materials. The EDS and WDXRF analyses suggest the ma-
terialisation of Co1.0Fe2.0O4, Ni0.9Fe2.1O4, Cu1.1Fe1.9O4 and Zn1.1Fe1.9O4 ferrites. XRD measurements indicate
the formation of monophasic Cobalt, Nickel and Zinc cubic inverse-spinel-based structures, whereas
Cooper ferrite was structured as body-centred tetragonal distorted inverse-spinel and cubic phase, which
was contaminated with monoclinic CuO. The estimated average crystallite sizes using Rietveld reﬁne-
ment were approximately 163 nm (Co1.0Fe2.0O4), 187 nm (Ni0.9Fe2.1O4), 21 nm (Cu1.1Fe1.9O4) and 226 nm
(Zn1.1Fe1.9O4). Infrared spectra exhibit characteristic modes at approximately 574–581 cm1 [ν(Co–O)]Td,
568–603 cm1 [ν(N–O)]Td, 607–661 cm1 [ν(Cu–O)]Td and 578–598 cm1 [ν(Zn–O)]Td. The Raman
spectra for Co1.0Fe2.0O4 exhibit vibrational modes at 172 (T2g), 304 (Eg) 460 (A1g) and 620–680 cm1
(A1g), whereas Ni0.9Fe2.1O4 exhibits T2g (477 cm1) A1g (690 cm1) modes. Cu1.1Fe1.9O4 shows vibrational
modes at approximately 148 (F2g), 447 (F2g), 552 (F2g) and 671 cm1 (A1g), and Zn1.1Fe1.9O4 has another
four distinct modes at approximately 248, 348, 486 and 651, which are assigned to Eg, T2g and A1g
symmetries. Several obtained ferrites exhibit soft magnetisation with ferromagnetic (Co1.0Fe2.0O4,
Ni0.9Fe2.1O4 and Cu1.1Fe1.9O4) and paramagnetic (Zn1.1Fe1.9O4) characteristics.
& 2014 Elsevier B.V. All rights reserved.1. Introduction
Magnetodieletric ceramic iron particles, such as spinel-based
structures, have attracted considerable attention in recent years
because of their soft magnetic characteristics and magnetic de-
pendency with the cation distribution in the crystal lattice [1].
Because of their relatively high electrical resistivity, low eddy
current losses, high-frequency performance, signiﬁcant chemical
inertia, strong thermal stabilities, relatively large saturation mag-
netisation and satisfactory magnetocrystalline anisotropy, ferrites
are used to manufacture high-density magnetic recording media,
high-frequency transformers cores and gas sensors and compo-
nents for magnetic ﬂuid systems and targeted drug delivery [2–5].
Spinel-based ferrite powders are composed of iron oxides,
which may be altered using other transition metal oxides with a
general formula of AB2O4, where A represents a divalent metal ion.).In general, the powders' unit cell is composed of 32 O atoms in
cubic closest packing with eight tetrahedral (Td) and 16 octahedral
(Oh) occupied interstices [6].
In a normal spinel oxide, all A cations occupy the octahedral
sites, whereas the B cations occupy the tetrahedral interstices.
Common examples of normal spinels are MgAl2O4, LiMn2O4 and
ZnFe2O4 [7]. However, in inverse spinel structures, B cations oc-
cupy all tetrahedral sites and half of the octahedral sites, whereas
the other A species occupy the remaining half of the octahedral
sites [8], as observed for Fe3O4, CoFe2O4, NiFe2O4 and CuFe2O4
powders. In addition, if divalent transition-metal ions are present
in both tetrahedral and octahedral sublattices, the structure as-
sumes a mixed or disordered spinel structure [9]. In fact, most
spinels have a degree of inversion. According to Ammar et al. [10],
the magnitude of the structural inversion in the spinel lattice
depends on the ionic radius, the conﬁguration of the cations and
their relative stabilisation energies in the tetrahedral and octahe-
dral electrostatic ﬁelds.
Soft polycrystalline ferrites commonly have physical, electric
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crystalline equivalents because of the grain boundary effect and
special distortion of the pores. In fact, the chemical, optical, di-
electric and magnetic properties of ceramic ferrites are intensely
affected by the preparation method [11].
In this context, the surfactant-assisted route, shock wave
treatment, ball milling, sonochemical reaction, pyrolysis method,
co-precipitation method, sol–gel synthesis, glass crystallisation,
micro-emulsion method, hydrothermal route, acid-assisted hy-
drothermal route, microwave-assisted solid state reaction, micro-
wave-assisted auto-combustion method and microwave-hydro-
thermal synthesis have been used to generate high-performance
transition-metal ferrites [12–18].
Chemical reactions conducted by dielectric heating (energy
absorption in the microwave region) have been recommended to
obtain, for instance, compound semiconductors, glasses and
ceramics [19]. In the dielectric heating process, energy is trans-
ferred to a certain material through electromagnetic waves with
frequencies of 900 MHz or 28, 30, 60, 83 and 2.45 GHz, which are
generated from thermionic diodes (magnetrons) that are coupled
with heated cathodes, which act as electron emitters [20]. In this
situation, the dielectric polarisation results from the ﬁnite dis-
placement of electric charges and rotation of dipoles when they
are exposed to any electric ﬁeld [21]. Recently, dielectric heating
has been associated with the hydrothermal methodology to
maximise the reaction yields and simplify the operational proce-
dures. Thus, the microwave-hydrothermal method was used to
synthesise ordinary and complex ferrites [14].
In this context, this work aims to synthesise magnetic ferrites
based in Cobalt, Nickel, Copper and Zinc using the microwave-
hydrothermal method.Table 1
Elemental analyses.
Ferrite EDS (at%) XRF (at%)
Co/Fe 17.59/31.39 35.93/62.82
Ni/Fe 13.79/27.74 35.49/63.05
Zn/Fe 15.56/25.80 36.20/62.34
Cu/Fe 14.71/27.13 39.49/58.272. Experimental
2.1. Synthesis
All ferrites were synthesised using the microwave-hydro-
thermal technique with Co(NO3)2 6H2O (Synth), Ni(NO3)2 6H2O
(Vetec), Zn(NO3)2 6H2O (Synth), Cu(NO3)2 2.5H2O (Sigma) and
Fe(NO3)3 9H2O (Vetec). Thus, a 0.05 M metal aqueous solution
was mixed in a Teﬂon vessel and neutralised with ammonia to
approximately pH 13. Next, the obtained solution was thermally
treated using a modiﬁed microwave ovenwith an ultrasonic mixer.
The hydrothermal reaction was performed under 2.45 GHz mi-
crowave radiation for 40 min. The as-synthesised powder was
subsequently ﬁltered, and the nitrate traces were eliminated by
washing with distilled water (until pH 7.0). Finally, it was dried at
room temperature, grounded until its particles were 100 mesh
sized and heat-treated at 900 °C for 4 h in Al2O3 crucibles in a high
oxygen atmosphere.
2.2. Characterisation
Scanning Electron Microscopy (SEM) images and subsequent
Energy Dispersive X-ray (EDX) analysis were performed using FE-
SEM QUANTA 200 (FEI) in high vacuumwith a magniﬁcation range
of 20–400.000 , acceleration voltage of 200 V to 20 kV and SE,
BSE, EBSD and EDS detectors.
The Wavelength Dispersive X-ray Fluorescence (WDXRF) data
were recorded using S8 Tiger (Bruker) with a Rhodium tube,
which operated at 60 kV/67 mA, an XS-55 crystal and a 0.23°
collimator.
X-ray Powder Diffraction (XRPD) measurements were recorded
using a D8 Advance diffractometer (Bruker) with a Cu Kα
(λ¼1.5406 Å) tube operating at 40 kV/40 mA and the LynxEyelinear detector. The data were collected in Bragg–Bretno geometry
in the range of 20–100° with a step size of 0.02° and counting time
of 0.5 s. The XRPD patterns were compared with the Joint Com-
mittee Powder Diffraction Standards (JCPDS) data for the phase
evaluation. The patterns were analysed using the Rietveld method
with the GSAS programme (Larson and Von Dreele, 2004).
The infrared spectra were obtained using an IR prestige-21
infrared spectrometer (Shimadzu) by applying KBr as the dis-
persant agent (1:100 wt/wt) in the mid-range: 400–1000 cm1.
The confocal Raman spectra were performed using an alpha
300 system microscope (Witec) with a highly linear (0.02%) piezo-
driven stage and an objective lens from Nikon (20 , NA¼0.40).
An Nd:YAG polarised laser (λ¼532 nm) was focused with a dif-
fraction-limited spot size (0.61λ/NA), and the Raman light was
detected using a high-sensitivity, back-illuminated spectroscopic
CCD behind a 600 g mm1 grating. A ﬁnal power of 3 mW at the
end of the objective lens was focused on the sample. The spec-
trometer was an ultra-high throughput Witec UHTS 300 with up
to 70% throughput, which was speciﬁcally designed for Raman
microscopy. The average integration time and number of accu-
mulations were 60 and 3 s, respectively.
Finally, the magnetic measurements were performed using a
vibration sample magnetometer (VSM) EG&G model 4500 (Prin-
ceton Applied Research Corporation). Hysteresis curves were
measured at room temperature in the range of 0–6.0/12.0 kOe.3. Results and discussion
3.1. Chemical composition
Although the EDS data infer to the composition of a singular
particle, the WDXRF data represent the atomic ratio of the crystals
in the bulk [22]. Nevertheless, both techniques provided similar
chemical compositions of the thermally treated ferrites. The che-
mical formulas of the proposed materials are Co1.0Fe2.0O4,
Ni0.9Fe2.1O4, Zn1.1Fe1.9O4 and Cu1.1Fe1.9O4 (Table 1).
3.2. Structural properties
The Rietveld reﬁned parameters are shown in Fig. 1(a–d). The
XRPD patterns of the Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and Zn1.1Fe1.9O4
ferrites indicate the crystallisation of monophasic cubic (Fd-3m)
spinel-based structures, as indicated by the JCPDS 00-022-1086,
01-086-2267 and 01-082-1049 cards, respectively. These results
are consistent with Hashim et al. [23]. Conversely, the pattern of
the Cu1.1Fe1.9O4 sample (Fig. 1d) suggests three distinct crystalline
phases: body centred tetragonal (I41/amd)-distorted inverse-spi-
nel phase (JCPDS 00-034-0425), cubic (Fd-3m)-normal spinel-
based phase (JCPDS 01-077-0010) and monoclinic CuO phase
(JCPDS 01-072-0629), as previously suggested by Raita et al. [24].
In this case, the phase distribution, which was determined based
on the Rietveld reﬁnement, were 85.4% body centred tetragonal
CuFe2O4, 12.5% cubic CuFe2O4 and 2.1% monoclinic CuO.
Isotropic-crystallite size and microstrain analyses were per-
formed using the Pseudo-Voigt function that was modiﬁed by
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Fig. 1. XRPD patterns and Rietveld reﬁnement for (a) Co1.0Fe2.0O4, (b) Ni0.9Fe2.1O4, (c) Zn1.1Fe1.9O4 and (d) Cu1.1Fe1.9O4 ferrites.
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component and a Lorentzian (L) component, and their Full Widths
at Half Maximum (FWHM) are represented by Eqs. (1) and (2),
respectively.
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P
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θ
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where U, V, W, P, X and Y are reﬁnable parameters. The terms with
tan θ are related to the microstrain (ε), and the terms with cos θ
are related to the crystallite size. Thus, only U, P, X and Y are re-
ﬁned, and V and W are maintained constant in the values that
were obtained from the reﬁnement of the LaB6 standard sample.
It is well-known that the peak width has contributions from
the crystallite size, microstrain and diffractometer input para-
meters. Thus, the instrumental width contribution of the dif-
fractometer must be subtracted in the calculation of the crystallite
size and microstrain, and the reﬁnement of the LaB6 standard
sample was used to obtain this instrumental width. The crystallite
size and microstrain contributions to the Gaussian and Lorentzian
widths are given by Eqs. (3)–(6)
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where Ui, Yi and Xi are reﬁnable parameters of the LaB6 standard
sample. These four terms are recombined in the widths because of
the crystallite size and microstrain using Eqs. (7) and (8) [26].
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A, B, C and D are constants. The crystallite size (T) is obtained
from Scherrer Eq. (9), and the microstrain (ε) is obtained from
Stokes and Wilson Eq. (10) [27].
T
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With the proﬁle function 3, the Rietveld reﬁnement for the
Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and Zn1.1Fe1.9O4 samples shows con-
sistency between the experimental and calculated patterns.
Table 2
Isotropic crystallite sizes and micro-strains of the ferrites.
Ferrite T (nm) ε (%)
Co1.0Fe2.0O4 163.571.0 0.003
Ni0.9Fe2.1O4 187.072.0 0.05
Zn1.1Fe1.9O4 226.071.0 0.03
Cu1.1Fe1.9O4 (cubic) 20.975.0 0.2
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consistency because the calculated widths of some peaks did not
match the experimental values, which shows that the CuFe2O4
tetragonal phase does not have an isotropic crystallite size and/or
microstrain. Next, the peak proﬁle of this tetragonal phase was
reﬁned using function 4 because this function provides better
anisotropic crystallite size and microstrain corrections. Using this
function, one can obtain a crystallite size parallel and perpendi-
cular to the anisotropic axis, and the anisotropic micro-strain (ε
(hkl)) is described using Stephens model (11) [28].
⎛
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Table 2 shows the crystallite size and microstrain of the sam-
ples. As observed, the crystallite sizes vary from 226(1) nm to 20.9
(5) nm, which is the crystallite size of the lower CuFe2O4 cubic
phase. The microstrain also changes for each sample: the samples
Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and Zn1.1Fe1.9O4 exhibit low microstrain
values, which shows that the samples are well-crystallised,
whereas the cubic phase of the Cu1.1Fe1.9O4 sample exhibits the
highest microstrain, which suggests that this phase probably has
defects and is not as well-crystallised as the other samples.
Table 3 shows the crystallite sizes and anisotropic microstrain
coefﬁcients of the tetragonal phase of the Cu1.1Fe1.9O4 sample. The
crystallite size parallel to the [001] anisotropic direction is smaller
than the perpendicular crystallite size, which indicates that the
crystallites are plate-shaped. For the tetragonal structure, the mi-
crostrains correspond to ε[100]¼1.1%, ε[110]¼0.9%, ε[101]¼0.02% and
ε[001]¼2.9%, which indicates a signiﬁcant short-range distortion at
the [001] crystallographic direction.
SEM micrographs of the prepared spinel powders are shown in
Fig. 2(a–d). The cubic spinel-based materials assume pseudo coa-
lescent structures with uniform-shape grains (Fig. 2(a–c)),
whereas the tetragonal distorted-spinel sample adopts a super-
posed-triangular-plate morphology (Fig. 2d). These results are
consistent with the XRPD patterns because the Co1.0Fe2.0O4,
Ni0.9Fe2.1O4 and Zn1.1Fe1.9O4 samples exhibit isotropic character-
istics, whereas the Cu1.1Fe1.9O4 sample exhibits anisotropic
features.
Although the Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and Zn1.1Fe1.9O4 samples
exhibit polycrystalline homogeneity, minor grain-size disparity is
observed in isolated grains (Fig. 2(a–d)). The SEM micrographs
suggest that the average grain sizes are 228770 nm (Co1.0Fe2.0O4),
146755 nm (Ni0.9Fe2.1O4), 181752 nm (Zn1.1Fe1.9O4) and
3387140 nm (Cu1.1Fe1.9O4). However, there are grains with di-
mensions similar to those obtained using XRPD. It should be noted
that the XRPD measurements provided the average information of
the irradiated area (mm2) of the samples, whereas the SEM mi-
crographs provided the average evidence of a smaller area (μm2)Table 3
Anisotropic crystallite sizes and microstrains coefﬁcients of the tetragonal
Cu1.1Fe1.9O4 ferrite.
T|| (nm) T⊥ (nm) S400 S004 S220 S202
83 117 3.65032 4.84829 0.602152 3.01233
Fig. 2. SEM micrographs for (a) Co1.0Fe2.0O4, (b) Ni0.9Fe2.1O4, (c) Zn1.1Fe1.9O4 and (d)
Cu1.1Fe1.9O4 ferrites.
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Fig. 3. Mid-IR spectra for (a) as-synthesised and (b) thermal-treated ferrites.
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Fig. 4. Room temperature Raman spectra for (a) Co1.0Fe2.0O4, (b) Ni0.9Fe2.1O4, (c)
Cu1.1Fe1.9O4 and (d) Zn1.1Fe1.9O4 ferrites.
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[29] for complex perovskites.
3.3. Vibrational properties
Fig. 3(a–b) illustrates the mid-infrared spectra for several spi-
nels after and before they were thermally treated at 900 °C, re-
spectively. The [ν(OH)]sym mode is observed between 3450 and
3420 cm1, whereas the δ(H–O–H) mode is assigned at approxi-
mately 1600 cm1. Instead, the δ(C–O) mode is detected near
2344 cm1. For the Ni0,9Fe2,1O4 and Zn1.1Fe1.9O4 materials, the
broad bands at 1346 cm1 are attributed to the residual nitrate
group (Fig. 3a) [14].
It is important to notice that the microwave-hydrothermal
method can generate spinels phases, as indicated by the presence
of the symmetrical stretching modes at 570 cm1, despite its
amorphous organisation (Fig. 3a). As expected, after the sintering
process (Fig. 3b), these characteristic inorganic absorptions de-
velop more deﬁned and intense bands.
According to Srivastava et al. [30], ferrites often exhibit two
typical vibrational modes at approximately 600 and 400 cm1,
which are attributed to the tetrahedral and octahedral M2þ ions.
Likewise, Deligoz et al. [31] proposed that the divalent tetrahedral
ions were frequently observed in the range of 590–600 cm1, and
octahedral species arouse near the 400 cm1 region.
In this context, the [ν(Co–O)]Td modes were found at
574–581 cm1 (Fig. 3b), which conﬁrms the formation of the
Co1,0Fe2,0O4 structure. These results support the XRD data (Fig. 1a)
and are consistent with the literature [32]. For the tetragonaldistorted inverse spinel Cu1.1Fe1.9O4, [ν(Fe–O)]Oh was detected at
approximately 548–560 cm1, whereas [ν(Cu–O)]Td arose be-
tween 607 and 661 cm1 (Fig. 3b). Similarly, at approximately
568–603 cm1, the [ν(Ni–O)]Td absorptions for the inverse spinel
Ni0.9Fe2.1O4 were observed, as proposed by Ahmed et al. [33].
Notwithstanding, the Zn1.1Fe1.9O4 normal spinel-based structure
exhibits the [ν(Zn–O)]Td mode in the region of 578–598 cm1
(Fig. 3b).
Fig. 4(a–d) shows the Raman spectra of the sintered spinels.
The Co1.0Fe2.0O4 spectra exhibit ﬁve broad bands at approximately
165, 304, 466, 620 and 678 cm1, all of which are attributed to the
cubic inverse-spinel structure [34]. Moreover, the vibrational
modes at 172 and 460 cm1 are assigned to F2g, whereas those at
approximately 304 cm1 are attributed to the Eg symmetry. In the
region of 620–680 cm1, the A1g transition for the Fe3þO2
(octahedral sites) bond was observed.
Considering the Ni0.9Fe2.1O4 spinel, the absorption in the re-
gions of 206, 324, 477, 560 and 690 cm1 are consistent with
those related by Benrabaa et al. [35]. The vibration modes (Fe–O)Oh
and (Fe–O)Td, which originated from the T2g and A1g symmetries,
were singly indexed at 477 cm1 and 690 cm1, respectively.
However, the tetragonal Cu1.1Fe1.9O4 shows three distinct F2g ab-
sorptions at 148, 447 and 552 cm1 and another A1g at 671 cm1
[23]. The cubic Zn1.1Fe1.9O4 also shows four characteristic modes at
approximately 248 (Eg), 348 (F2g), 486 (F2g) and 651 (A1g) [36].
3.4. Magnetic properties
Fig. 5(a–d) illustrate the variation of magnetisation as a func-
tion of the applied ﬁeld at a temperature of 300 K for several
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Fig. 5. Variation of magnetisation with applied ﬁeld at 300 K for (a) Co1.0Fe2.0O4, (b) Ni0.9Fe2.1O4, (c) Cu1.1Fe1.9O4 and (d) Zn1.1Fe1.9O4 ferries.
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characteristics with narrow hysteresis loops and notably low
coercive force (Hco12.5 Oe) [37].
Because Co1.0Fe2.0O4 and Ni0.9Fe2.1O4 powders crystallise ac-
cording to the inverse spinel-based structures, they exhibit a ty-
pical S-type M–H curve because their ferromagnetic behaviour
(Fig. 5a–b) was generated from the antiparallel arrangement of
their magnetic moments and the (A–B) intersublattice super-
exchange interaction [11].
In comparison, the Co1.0Fe2.0O4 ferrite has a higher magnetic
saturation and coercive force according to Phumying et al. [38]
(55.3 emu g1 and 74.3 Oe), which is the ﬁrst parameter that is
close to those generated by pure iron oxide (MsFeO¼90 emu g1).
The magnetic saturation of Ni0.9Fe2.1O4 (Table 4) was higher than
the reported values in Sivakumar et al. [39]. Conversely,
Cu1.1Fe1.9O4 exhibits equivalent magnetisation and coercive force
to the values proposed by Ponhan and Maensiri [40], which were
17.73–23.98 emu g1 and 299–625 Oe, respectively. It should be
noted that the magnitude of saturation magnetisation at room
temperature depends on the cation distribution, surface and core
particle spin canting, inter- and intra-particle interactions, differ-
ent types of anisotropies and parasite phases.
In a spinel structure, the magnetic properties are affected by
the inversion parameter because the intersublattice super-
exchange interactions among the spins at the A and B sublattices
(A–B) are stronger than the intrasublattice exchange interactions
among the spins at the A (A–A) or B (B–B) sublattices, as stated by
the discrepancy between the wave function overlaps of the metalTable 4
Magnetic saturation (Ms), remanent induction (Mr) and coercive force (Hc) of the
ferrites.
Ferrite Ms (emu g1) Mr (emu g1) Hc (Oe)
Co1.0Fe2.0O4 73.40 32.12 577.55
Ni0.9Fe2.1O4 39.20 10.91 143.58
Cu1.1Fe1.9O4 23.68 14.30 327.39
Zn1.1Fe1,0.9O4 0.84 0.007 81.46cations and oxygen [41]. Unlike other samples, the Zn1.1Fe1.9O4 M–
H curve (Fig. 5d) does not show a clear hysteresis loop because its
paramagnetic character has a notably lower net magnetic moment
of 0.84 emu g1 and coercive force of 81.46. According to Néel
theory, in the bulk zinc ferrite, the dominant antiferromagnet ar-
rangements (TN¼10 K) result in a B–B intralattice exchange in-
teraction in the B sublattice because the Zn2þ ions carry no
magnetic moment in the A sites [42]. On the contrary, because
Zn2þ ions occupy all A sites, and Fe3þ ions occupy the B sites with
the antiparallel arrangement of their magnetic moments, a para-
magnetic state is generated because of the absence of A-B inter-
action at room temperature [43].4. Conclusions
Ferromagnetic Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and Cu1.1Fe1.9O4 and
paramagnetic Zn1.1Fe1,0.9O4 ferrites were synthesised using the
microwave-hydrothermal method. Co1.0Fe2.0O4, Ni0.9Fe2.1O4 and
Zn1.1Fe1.9O4 were achieved as monophasic spinel-based ferrites,
whereas Cu1.1Fe1.9O4 were crystallised according to both distorted
inverse-spinel (85.4%) and normal spinel (12.5%) phases with the
secondary contamination of monoclinic CuO (2.1%). The FTIR
spectra show divalent metal ion occupancy (tetrahedral sites) at
approximately 590–600 cm1, whereas the octahedral cations are
detected at approximately 400 cm1. Conversely, the Raman
spectra exhibit vibrational modes at approximately 660–720
bands cm1, which are assigned to tetrahedral sublattices in the
ferrite, whereas the octahedral sublattices are detected at ap-
proximately 460–640 cm1 for the several-spinel structure.Acknowledgements
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